cell death ͉ photooxidative stress ͉ ribosome structure ͉ S6 phosphorylation ͉ ribosome dissociation
T
he biosynthesis of chlorophyll (Chl) is a light-dependent reaction in angiosperms (1) . Several independent mechanisms regulate the activity of the C5 pathway leading to Chl. The first regulatory circuit operates at the level of 5-aminolevulinic acid (5-ALA) synthesis. Expression of key enzymes of 5-ALA synthesis is depressed in dark-grown plants (2, 3) . Moreover, a negative feedback loop exerted by heme and protochlorophyllide (Pchlide) at the level of glutamyl-tRNA reductase (4, 5) reduces 5-ALA synthesis in the dark. Another factor was recently identified to be the FLUORESCENT (FLU) protein (6) .
The tigrina (tig)-d.12 locus of barley is orthologous to the flu locus in Arabidopsis thaliana (7, 8) . The tig-d.12 is a conditional cell death mutant. When tig-d.12 plants are grown in continuous white light, they are fully viable and do not show any signs of damage. However, tig-d.12 seedlings develop transverse-striped leaves with green and white sectors under alternate light/dark cycles. Free Pchlide synthesized in the dark operates as photosensitizer and, by triplet-triplet interchange, provokes singlet oxygen production and photooxidative damages during subsequent light periods, whereas the pigment is continuously converted to chlorophyllide by virtue of the NADPH:protochlorophyllide oxidoreductase in leaf sectors emerging during the light period (7) . Similarly, etiolated tig-d.12 seedlings accumulate excessive amounts of Pchlide and die rapidly when illuminated (7) . Cell death triggered in flu and, presumably, also in tig-d. 12 plants is a combined effect of the cytotoxic properties of singlet oxygen and the operation of a genetic pathway involving the EXECUTER 1 and EXECUTER 2 genes (9, 10). Transcription of singlet oxygen-responsive genes has been reported previously (11) . Whether translation also may contribute to singlet oxygentriggered growth control and cell death was thus far undetermined, and this motivated us to perform the current study. In animals and humans, translation is a major target for cell size and growth control as well as programmed cell death and apoptosis (12) (13) (14) . In the present work, we report on changes in transcript accumulation, translation, and metabolite profiles in tig-d. 12 plants in response to singlet oxygen. (15) (16) (17) . The DanePy reagent is a dansyl-based singlet oxygen sensor whose green fluorescence is quenched upon reacting with singlet oxygen. Fig.  1 shows that irradiation of etiolated tig-d.12 plants gave rise to generation of singlet oxygen. Singlet oxygen production was linear for at least 1 h in tig-d.12 plants, and then it reached a plateau. The linear relationship between singlet oxygen generation and time in the early period of irradiation excluded the possibility that the nitroxide radicals formed from DanePy were partly reduced and transformed into inactive states in the samples (17) . At later stages, DanePy may be converted into an inactive state or disintegrate spontaneously. On the other hand, singlet oxygen production may cease because of the destruction of Pchlide operating as a photosensitizer. It has been reported that photooxidative stress easily leads to a rapid pigment bleaching (18) . In wild-type seedlings, no singlet oxygen production was measurable over the time course of the experiment (Fig. 1) . Next, pulse labeling of protein with [ 35 S]methionine was carried out for 2 h before seedling harvest. Fig. 2 shows that already in the dark, differences occurred in the polypeptide patterns of wild-type and tig-d.12 plants. Reductions in the synthesis and accumulation were observed for the large and small subunits of ribulose-1,5-bisphosphate carboxylase/ oxygenase (RBCL and RBCS gene products). These differences were further enhanced upon illumination. After 2 h of irradiation, a number of proteins were synthesized in tig-d.12 plants that were weakly labeled in wild-type plants (Fig. 2) . Protein gel blot analyses revealed that Chl-binding proteins, such as LHCB2, D1, and D2, which encode major components of photosystem II, did not accumulate in irradiated tig-d.12 seedlings (Fig. 3) . By contrast, stress-induced proteins, such as allene oxide synthase (AOS), a key enzyme of jasmonic acid (JA) biosynthesis, and other, major jasmonate-induced proteins, such as JIP5 (thionin)
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This article is a PNAS Direct Submission. and JIP23, were present both in tig-d.12 and wild-type plants, although their amounts were different after 12 h of greening (Fig. 3) . When etiolated tig-d.12 seedlings were exposed to white light for periods longer than 24 h, total protein synthesis dropped to undetectable levels (data not shown).
Metabolite Profiles of tig-d.12 and Wild-Type Plants. In order to gain insight into singlet oxygen-dependent changes in gene expression, a metabolite-profiling approach was taken. Methanol extracts were prepared from tig-d.12 and wild-type plants and subjected to ultraperformance liquid chromatography/ electrospray ionization/quadrupole time-of-flight mass spectrometry (UPLC-ESI-QTOF-MS) analyses. This profiling approach is capable of resolving several hundred to a few thousand features (mass-retention time pairs)-i.e., metabolites or their mass fragments-in one run (19) (20) (21) . Studies carried out for A. thaliana have shown that this method can resolve known classes of Arabidopsis secondary metabolites, such as indole-derived compounds (e.g., indole acetic acid derivatives), degradation products of glucosinolates (sulfinyl nitriles and isothiocyanates), phenylpropanoids (sinapoylmalate), and flavonoids, as well as their glycosides (e.g., kaempferol (19) . The individual metabolite pro- files obtained for barley wild-type and tig-d.12 plants were compared by principal component analysis (PCA), a data reduction and visualization technique (22) . Fig. 4 and Fig. S1 depict the overall similarity/dissimilarity of the respective entities for etiolated, irradiated, and light-grown tig-d.12 and wildtype seedlings. A pairwise orthogonal partial least-squares to latent structures analysis of tig-d.12 and wild-type samples allowed the identification of markers that significantly contribute to the separation of the groups (cL, D, and 2-h L). The entries were sorted according to their covariance (magnitude) and correlation (reliability) (23) . In summary, the metabolite profiles of tig-d.12 plants grown under continuous light closely resembled those of the corresponding wild-type plants. However, marked differences occurred between dark-grown tig-d.12 and wild-type plants. These differences were further pronounced when etiolated tig-d.12 and wild-type seedlings were irradiated.
Depression of Nucleus-Encoded Photosynthetic Transcripts in tig-d.12
Versus Wild-Type Plants. To assess whether the observed large differences in the in vivo-labeling pattern of proteins in tig-d.12 versus wild-type plants were caused by corresponding changes of their respective mRNAs, in vitro translation experiments were carried out. A rabbit reticulocyte lysate was programmed with mRNA prepared from etiolated tig-d.12 and wild-type plants that had been exposed to white light for 2 h. Fig. 5A shows that this approach did not reveal gross differences in the patterns of translatable mRNAs for irradiated tig-d.12 and wild-type plants. Northern blot analyses showed that RBCS mRNA was reduced in amount in mutant compared with wild-type plants both in the dark and after illumination (Fig. 5B) . In either case, this reduction in RBCS synthesis was much lower than that measured in vivo (compare with Fig. 2 ). LHCB2 transcript levels were drastically reduced and were in most experiments below the limit of detection, and no LHCB2 protein accumulated in irradiated tig-d.12 seedlings (Figs. 3 and 5) . When light-grown tig-d. 12 plants were subjected to a nonpermissive 12-h dark to 12-h light shift, reductions in the synthesis of RBCS and LHCB2 similar to those reported for etiolated plants were observed, whereas only little changes were detectable in the pattern of in vitrotranslatable mRNAs (Fig. S2) . DanePy measurements confirmed singlet oxygen production in response to the 12-h dark to 12-h light shift (Fig. S3 ).
Polysome Binding of Stress and Defense Versus Photosynthetic Messengers in tig-d.12 and Wild-Type Plants.
The drastic reduction in RBCS synthesis in vivo and only moderate reduction in the level of its respective messenger in vitro in tig-d.12 seedlings subjected to nonpermissive dark-to-light shifts suggested a posttranscriptional mode of control. To explore this possibility, polysomes were isolated from etiolated and illuminated tig-d.12 and wildtype plants and were subjected to sucrose density gradient centrifugation. Ribonucleoprotein (RNP) material contained in the different fractions was recovered by ethanol precipitation and used for Northern blot hybridization and in vitro translation. In parallel, RBCS, AOS, thionin, and actin protein levels present in the different polysomal fractions were quantified by Western blotting using large-scale polysome preparations. Thionins are small fungitoxic proteins localized in the plant cell wall that accumulate in etiolated plants and reappear in illuminated plants in response to pathogens and adverse conditions (24) . AOS encodes a key enzyme of JA biosynthesis; its expression is induced after abiotic and biotic stress (summarized in ref. 25) . Fig. 6A shows absorbance profiles of RNP material that had been extracted from etiolated tig-d.12 and wild-type plants after 2 h of irradiation. Based on the absorbance readings, no major difference was apparent in the polysome profiles. However, upon analyzing individual polysomal fractions by Western blotting, a massive reduction in polysome binding of RBCS transcripts was found for tig-d.12 seedlings. RBCS transcripts, in fact, were confined to smaller polysomes in irradiated tig-d.12 plants compared with wild-type seedlings (Fig. 6B) . This result suggested a depression in translation initiation to occur in tig-d.12 plants in response to singlet oxygen. Similarly, RBCS transcript binding to polysomes was reduced in 4.5-day-old, light-grown tig-d.12 plants that had been subjected to a 12-h dark to 12-h light shift (Fig. S4) . This effect correlated with the observed drop in RBCS synthesis but was at variance with the unchanged level of translatable RBCS mRNA in vitro (Fig. S2) . Both etiolated and light-adapted tig-d.12 seedlings reacted to nonpermissive conditions causing singlet oxygen production with similar dissociations of their 80S cytoplasmic polysomes into the respective ribosomal subunits when the illumination period was extended to 24 h (Fig. 7 and Fig. S5) . (Fig. 8 B and C) . When light-grown tig-d.12 seedlings were exposed to a 12-h dark to 12-h light shift, a similar decline in the phosphorylation level of S6 became apparent (Fig. 8C, LDL) .
S6 Dephosphorylation in tig-
Discussion
In the present work, changes occurring at the transcript, translational, and metabolite levels in response to Pchlide and singlet oxygen were analyzed for the tig-d.12 mutant of barley. We show that dark-grown tig-d.12 seedlings synthesize a pattern of polypeptides and metabolites that is distinct from that of wild-type plants. Lower levels of RBCS and LHCB2 transcripts were found on Northern blots. It is likely that Pchlide operated as a signal that affected the expression of nuclear genes. Also, other tetrapyrroles have documented effects on transcription of nucleus-encoded genes for plastid proteins (29) (30) (31) (32) (33) (34) .
Once illuminated, Pchlide accumulating in dark-grown tig-d.12 seedlings operated as a photosensitizer and provoked generation of singlet oxygen. Both Pchlide synthesis and singlet oxygen production appear to be confined to the plastid compartment in irradiated tig-d.12 plants and flu (11) plants, suggesting the presence of intermediates that leave the plastid to control gene expression in the nucleocytoplasmic space. Given that the plastid envelope is a site of Pchlide synthesis (35, 36) , it seems likely that membrane-derived signals, such as oxygenated fatty acid derivatives, including JA (see below), function in the complex signaling network controlling protein synthesis at 80S ribosomes. As shown here, polysomes isolated from etiolated tig-d.12 plants that had been irradiated for 2 h contained fewer RBCS transcripts than polysomes from wild-type plants. These RBCS transcripts were confined to smaller polysomes, suggesting a depression of translation initiation occurs in response to singlet oxygen. Because translation initiation is rate-limiting for protein synthesis under most physiological conditions (37, 38), we exclude an effect of singlet oxygen on translation elongation of RBCS transcripts in irradiated tig-d.12 plants. In line with this view, THIONIN and AOS transcripts were equally distributed to small and large polysomes and gave rise to protein.
Singlet oxygen is both a powerful cytotoxin and a potent signaling compound (6, 9-11, 39, 40) . Pioneering work performed by Apel and coworkers (see ref. 41 for review) for the flu mutant has provided valuable insights into the complexity of cell death regulation by singlet oxygen and other reactive oxygen species. Transcriptome analyses identified genes that differentially responded to singlet oxygen and hydrogen peroxide (11, 42) . Among the genes specifically induced by singlet oxygen were those for ERF/AP2, MYB, WRKY and other transcription factors, calmodulin-like proteins, and the ENHANCED DISEASE SUSCEPTIBILITY 1 and BONZAI 1 proteins, 2 key components operating in defense signaling and growth control (11, 43) . Genes that were downregulated by singlet oxygen included those for components operating in auxin synthesis and transport, as well as constituents of the photosynthetic apparatus (11) .
The results presented in this work add to the understanding of singlet oxygen action in higher plants and reveal its role in the regulation of translation. We show that singlet oxygen can provoke a rapid dephosphorylation of ribosomal protein S6. Whether this is a direct effect caused by the cytotoxicity of singlet oxygen or an indirect effect caused by the operation of specific signaling pathways is unknown. Precedents for photodynamic regulation of protein synthesis exist in the literature. For example, Yang and Hoober (44) reported on a Ca 2ϩ -dependent, 14-kDa surface protein in the bacterium Arthrobacter photogonimos that was inactivated under photodynamic conditions provoking the generation of singlet oxygen. The 14-kDa protein operates as repressor of the light-inducible lipA gene (45) . Removal of the 14-kDa protein constitutively activated lipA expression in the dark (44) . For irradiated tig-d.12 plants, two possible explanations of how singlet oxygen may act on translation are (i) inhibition of S6 and upstream TOR or NPDK1 kinases, or (ii) activation of protein phosphatases dephosphorylating S6. Both reactions are prone to adverse conditions (46) (47) (48) and may involve Ca 2ϩ and calmodulin-like proteins to be explored in future work.
A third, remarkable result of this study is the demonstration of ribosome dissociation occurring in tig-d.12 plants in response to singlet oxygen. This result is reminiscent of our previous findings for leaf tissues of barley treated with the methyl ester of JA, methyl jasmonate (49) (50) (51) . Endogenous JA accumulates under various stress conditions, such as heat shock, UV light exposure, and desiccation, as well as in response to wounding and bacterial and fungal pathogens (see ref. 25 for review). Singlet oxygen rapidly activates the expression of JA biosynthetic genes, such as those for lipoxygenase, AOS, and allene oxide cyclase, and thereby boosts JA generation in flu plants (52, 53) . It is therefore attractive to suppose a role of JA in reprogramming translation in response to singlet oxygen. Work is underway to dissect the mechanism of singlet oxygen-dependent translational control in higher plants.
Materials and Methods
Plant Growth. The tig-d.12 mutant has been described previously (7) . Tig-d.12 and wild-type seeds were germinated on moist vermiculite under the following conditions. In a first set of experiments, seedlings were grown in the dark for 5 days and exposed to white light (125 E m Ϫ2 sec Ϫ1 ), provoking singlet oxygen production. In a second set of experiments, seedlings were germinated for 4.5 days in continuous white light and subsequently subjected to a 12-h dark shift before being reilluminated. As controls, wild-type seedlings were treated identically.
Singlet Oxygen Measurements. Singlet oxygen generation was measured with the DanePy method developed by Hideg et al. (15) and Ká lai et al. (16, 17) . Fluorescence emission spectroscopy was performed at an excitation wavelength of 330 nm and collecting fluorescence emission between 515-550 nm using a spectrometer (model LS50; Perkin-Elmer).
Protein Analyses. Pulse labeling of protein was carried out with [ 35 S]methionine (37 TBq/mmol; Amersham-Pharmacia) for 2 h before seedling harvest. After extraction, leaf protein was precipitated with trichloroacetic acid and subjected to SDS/PAGE on 10 -20% polyacrylamide gradients (46, 47) . Immunodetection of electrophoretically resolved proteins (54) was carried out by using an enhanced chemiluminescene system (Amersham-Pharmacia) and the indicated antisera that were obtained from Agrisera.
RNA Analyses. Total RNA was prepared from leaf segments by phenol/ chloroform/isoamyl alcohol extraction (49) . After precipitation with lithium chloride, high-molecular mass RNAs were translated into polypeptides in a rabbit reticulocyte system or wheat germ system. Assays for 1D and 2D polyacrylamide gel electrophoresis contained 11. Polysome Isolation and Analysis. Polysomes were isolated by Mg 2ϩ precipitation and sucrose density gradient centrifugation as described previously (49) . Details on the buffers and conditions used can be found in the SI Methods. After centrifugation at 60,000 rpm in a Beckman Spinco L75 centrifuge, rotor Ti 60, for 1 h at 4°C, the gradient was harvested from bottom to top in a modified Beckman harvesting device, with continuous monitoring of the absorbance at 254 nm (2138 Uvicord S; LKB). After integration of the areas below the curves, the ratio of polysomes to total ribosome (P/T) was calculated as follows: (area of polysomes)/(area of polysomes ϩ ribosomal subunits ϩ monosomes). From the arbitrarily defined gradient fractions, each corresponding to 10 drops (Ϸ0.35 mL), the RNAs were recovered by ethanol precipitation and subsequently used for Northern blot hybridization or in vitro translation (see above). In parallel assays, protein was extracted from the polysomal fractions with trichloroacetic acid and washed extensively with ethanol and diethyl ether. All of these operations were performed at 4°C. Ribosomal protein phosphorylation was studied as described by Scharf and Nover (46) and Nover and Scharf (47) by using [ 32 P]phosphate as tracer. The 2D electrophoresis of 32 P-labeled ribosomal proteins included isoelectric focusing in the first dimension and SDS/PAGE on 10 -20% polyacrylamide gradients in the second dimension. Basic ribosomal proteins were separated by the Kaltschmidt-Wittmann technique that is described in ref. 46 .
Metabolite Profiling. Plant material was essentially extracted as described previously and subjected to UPLC-ESI-QTOF-MS analyses (19 -21) . Signals from 0.5 to 16 min within 80 to 1,000 Da were taken into account. Based on these discriminatory markers (i.e., mass-retention time pairs), PCA and partial leastsquares to latent structures were performed. 
